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ABSTRACT
We perform hydrodynamical simulations of the interaction between supernova (SN) ejecta and circumstellar
medium (CSM) for SN 1993J and SN 2011dh, and calculate the radio and X-ray emissions expected from the
shocked gas at late epochs (t). Considering the ejecta structure from multi-group radiation hydrodynamics
simulation, we find that the observed rapid drop in radio and X-ray light curves of SN 1993J at t >3000 days
can be due to a change in the mass-loss rate ( ÛM) around ∼6500 years prior to the explosion of the SN. The exact
epoch scales inversely with the assumed wind velocity of vw = 10 km s−1. The progenitor of this SN very likely
belonged to a binary system, where, during its evolution, the primary had transferred material to the secondary.
It is argued in the paper that the change in ÛM can happen because of a change in the mass accretion efficiency
(η) of the companion star. It is possible that before ∼ 6500 (vw/10 km s−1)−1 years prior to the explosion, η was
high, thus the CSM was tenuous, which causes the late time downturn in fluxes. In the case of SN 2011dh, the
late time evolution is found to be consistent with a wind medium with ÛM/vw = 4 × 10−6 M yr−1/10 km s−1.
It is difficult from our analysis to predict whether the progenitor of this SN had a binary companion, however,
if future observations show similar decrease in radio and X-ray fluxes, then that would give strong support to a
scenario where both SNe had undergone similar kind of binary evolution before explosion.
Subject headings: hydrodynamics - radiation mechanisms: non-thermal, thermal - stars: circumstellar matter
- supernovae: individual (SN 1993J, SN 2011dh)
1. INTRODUCTION
Supernovae (SNe) are massive destruction of stars. The
evolution of these stars before explosion depends on the fact
whether or not it had interaction with a companion star during
its life time (Podsiadlowski et al. 1992; Podsiadlowski 2001).
In most of the cases it is not possible to verify, due to large as-
tronomical distances, if the exploded star was part of a binary
system. However, indirect evidence, such as signs of hydro-
gen emission at early time and He I absorption at late epochs,
or no trace of hydrogen line in the optical spectra, point to-
ward a progenitor which has been stripped of most of, or the
entire envelope, because of an interaction with a secondary
star (Nomoto et al. 1993; Podsiadlowski et al. 1993). Never-
theless, massive stars, with a main sequence mass > 20M,
in isolation, can undergo huge mass loss, driven by strong
winds (Schaller et al. 1992; Vink & Koter 2005) and periodic
eruptions (Smith & Owocki 2006), which can potentially re-
move the very outermost layer, partially or completely. But
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models suggest that the stars which end their lives with very
low envelope mass fall within a very narrow initial mass range
(see Smartt et al. (2015) for a review on missing high mass
progenitors). Furthermore, the stripped envelope SN rate is
not consistent with the fraction of massive single-stars that are
expected to be accounted for this kind of SNe. It is therefore
more probable that the majority of the stripped envelope pro-
genitors are low mass stars and must originate from a binary
system (Smith et al. 2011). In this case, during the evolu-
tion, the primary fills its Roche lobe and transfers material
to the companion. It is found that Roche lobe overflow is
an effective mechanism through which stars can lose most of
their envelope mass (Podsiadlowski et al. 1992; Podsiadlowski
2001). Among the stripped envelope SNe, which display in
their optical spectra hydrogen lines at early epoch and after few
weeks/months the He I absorption feature, are categorized as
SN type IIb (see the review by Filippenko (1997)).
Beside SN 2008ax (Crockett et al. 2008) and SN 2013df
(Van Dyk et al. 2014) the other two SNe IIb, for which the
progenitor stars have been directly identified by analyzing the
pre-explosion archival images, are SN 1993J (Cohen et al.
1995) and indeed SN 2011dh (Van Dyk et al. 2011). For
SN 1993J the optical light curve acquired just after the ex-
plosion revealed the presence of two peaks, which were best
explained by a binary model with both stars having a mass
of ∼ 15 M (Nomoto et al. 1993; Podsiadlowski et al. 1993).
This scenario is further confirmed by Aldering et al. (1994) by
studying the observed photometry of the SN, and the authors
concluded that the progenitor star was a G8-K0 supergiant.
Furthermore, investigating the ultraviolet images taken using
the Hubble Space telescope (HST), Maund et al. (2004) justi-
fied the presence of a hot B type companion star in the vicinity
of the SN. Later Fox et al. (2014) have drawn a similar con-
clusion from the observations carried out at the far ultraviolet
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spectral region. It is true that the companion of SN 1993J has
so far avoided the discovery, but it is almost certain that the
progenitor of this SN was part of a binary system. In case
of SN 2011dh a yellow supergiant (YSG) star was detected at
the location of the SN by examining the pre-explosion HST
archival images (Van Dyk et al. 2011). Initially, this star was
thought to be the binary companion of the SN or an unrelated
star (Van Dyk et al. 2011; Arcavi et al. 2011b; Soderberg et al.
2012), as the putative progenitor was found to be less extended
compared to the detected YSG. However, using pre- and post-
explosion HST and Gemini images, Maund et al. (2011); Van
Dyk et al. (2013) established the fact that the YSG was the
progenitor of SN 2011dh. The early spectra of SN 2011dh
has shown the presence of a thin layer of envelope (Arcavi et
al. 2011a; Marion et al. 2011) at the time of the explosion.
Therefore, it could be expected that the progenitor of this SN
belonged to a binary system. However, it is not fully ruled out
that it was instead an explosion of a star that had evolved in
isolation (Georgy 2011).
In this regard, the medium surrounding SNe 1993J and
2011dh provides important clues about the evolution of both
SNe. In a binary system, the primary usually transfers mass
to the secondary through Roche lobe overflow. According to
the accretion efficiency some fraction of this mass gets lost
into the ambient medium. After the explosion, the supersonic
SN ejecta interact with this medium and shocks are formed.
These shocks channel part of their kinetic energy to accelerate
charged particles into relativistic particles. As magnetic fields
also get amplified in the shocks (Bykov et al. 2013; Capri-
oli & Spitkovsky 2014b; Kundu et al. 2017), these acceler-
ated particles, mainly electrons, lose a fraction of their energy
through synchrotron emission. This radiation often makes the
SN shocks bright in radio frequencies. The intensity of this
brightness depends on the density of the CSM, which means
that by studying this emission one could map the mass loss
history of the progenitor system, and hence can gain informa-
tion about the system. The X-ray emission, on the other hand,
at late epoch mainly comes from the shocked ejecta behind the
reverse shock. There are different mechanisms, i.g., free-free,
free-bound, two-photons, line emissions, which contribute to
the emission at late times and provide important clues about
the circumbinary medium.
The radio andX-ray observations of SN 1993J have revealed
a sudden downturn in radio and X-ray fluxes beyond ∼ 3000
days. We study here the evolution of the radio and the X-
ray fluxes, from this SN, by performing the hydrodynamical
simulations of the interaction of the SN ejecta with CSM, and
calculating the fluxes using a post-processing procedure. As
SN 2011dh is similar to SN 1993J in many aspects, a similar
analysis has been carried out for this SN.
Along with the CSM, the SN ejecta structure plays an im-
portant role in the evolution of the SN. Therefore, we consid-
ered the ejecta structure of SN 1993J and SN 2011dh from
numerical simulations, which use the multi-group radiation
hydrodynamic simulations (STELLA) to evaluate the struc-
tures. The details about the STELLA simulations and ejecta
structure are discussed in detail in § 2. The rest of the paper is
arranged in the following way. In § 3 we present the hydrody-
namical simulations of the interaction between the SN ejecta
and the CSM. Afterwards, § 4, 5 and 6 give an account of
radio and X-ray data, modeling of radio and X-ray emission,
respectively. Next the results are presented and discussed in §
7 and 8, respectively. At last, the conclusions are drawn in §
9.
2. EJECTA MODEL
The ejecta profiles we use in our simulations are taken from
STELLA, which is a multi-group radiation hydrodynamics
code (Blinnikov et al. 1998, 2000, 2006). The ejecta struc-
tures at day 1 after the explosion are shown in solid lines in
Figure 1, which are re-scaled, considering homologous expan-
sion, from the ejecta profiles calculated at 490 and 462 days
after the outbursts of SN 1993J and SN 2011dh, respectively.
The stellar model considered in STELLA for SN 1993J and
SN 2011dh are the re-mapped models 13C of Woosley et al.
(1994) and 13Cdh, respectively. The remapping procedure for
the STELLA grid is described in Blinnikov et al. (1998). The
models were brought to the static equilibrium with preserving
P(ρ) structure identical to the original model 13C and keeping
the total mass and the chemical composition for both models
identical to 13C. Here P and ρ represent pressure and density,
respectively. 13Cdh is derived from the 13C of Woosley et al.
(1994), where the radius of the pre-supernova star has been
re-scaled to match the faster and weaker shock breakout maxi-
mum of SN 2011dh. The explosion energy of SN 2011dh that
allow to fit the observations is 2 × 1051 erg, which is a little
larger than that of SN 1993J. The detais of the model and the
multicolor light curves are compared to the observations of
SN 2011dh in Tsvetkov et al. (2012). The model 13C is a bi-
nary model in which the primary, with a main sequence mass
of 13 M, has lost most of its hydrogen envelope to a nearby
companion star of mass 9 M. The initial separation between
the two stars was 4.5 AU. As the primary undergoes large mass
loss because of strong interaction with the secondary, around
0.2 M of the hydrogen envelope is left just before explosion.
The pre-supernova star has a radius of 4.33× 1013 cm and the
core, composed of helium and heavy elements, has a mass of
3.71 M. It’s interesting to note that the density structure here
is different from what is shown in Figs.3, 4 by Blinnikov et al.
(1998) for the age 1 day after the explosion. This is a good
illustration to the absence of the fully homologous expansion
stage of the evolution for the SNe with a region of 56Ni inside.
The thermalization of gamma-photons from 56Ni to 56Co to
56Fe decays leads to the formation of a hot bubble with the
depressed density, which causes the formation of additional
shocks and continues to change the gas distribution along the
ejecta during several weeks after the explosion. The com-
parison between the hydrodynamical structure provided by
radiation-hydrodynamical calculations and the Monte-Carlo
calculations was discussed in Woosley et al. (2007). For the
present work, the details of ρ(v) distribution also can be im-
portant, where v represents velocity.
3. HYDRODYNAMICAL SIMULATION
Often it is assumed that the interaction between SN ejecta
and CSM can be described by a self-similar structure (Cheva-
lier 1982). This is a reasonable approximation if the outer part
of the ejecta and CSM both have a power-law density profile,
and the ejecta density profile is not too shallow. However,
from multi-group radiation hydrodynamics simulation (e.g.,
STELLA) of an exploded star there is evidence that the den-
sity of the outer part of a SN can differ from a power-law
structure. In this case the evolution of the SN can no longer
be approximated by a self-similar solution, and one needs
hydrodynamical simulations to estimate the structure.
As displayed in Figure 1 (in solid lines), the ejecta profiles
of both SNe 1993J and 2011dh, estimated from STELLA, are
quite complicated. Therefore, we evaluate the shock structure
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Fig. 1.— Ejecta structure of SN 1993J (left panel) and SN 2011dh (right panel) at day 1 after the explosion of respective supernovae from STELLA. The fitted
ejecta profiles are shown in dashed lines. The dotted line from right to left display the positions of the reverse shock in the ejecta at 1000, 2000, 3000, 5000, 7000
and 8000 days since the explosion of SN 1993J (left panel) and at 200, 500 and 1200 days after the explosion of SN 2011dh (right panel).
by performing hydrodynamical simulation of SN and CSM
interaction. To do the simulation we use the publicly available
FLASH code, the Radiation Blast Wave problem, which has
been modified accordingly to meet our requirements. FLASH
(Fryxell et al. 2000)10 is a parallel, hydrodynamical codewhich
is written in Fortran 90 and C. The hydrodynamical modules
implemented here assume that the flow can be described by
the Euler equations for compressible gas. The hydro unit is
inherited from the PROMETHEUS code (Fryxell et al. 1989)
and uses the split Piecewise-Parabolic Method (PPM). PPM is
described in detail in Colella & Woodward (1984). To solve
the Euler equations numerically a Riemann solver, known as
the Harten, Lax and van Leer solver (Harten et al. 1983), is
called in our simulations. We use a Courant-Friedrichs-Lewy
(CFL) value of 0.6 for these runs.
The original Radiation Blast Wave problem consists a gas,
that is initially at rest and has a constant density. The tem-
perature of the gas and radiation are not same inside a sphere
of radius Rint, centered at the origin. However, they are in
thermal equilibrium beyond Rint. In our case the gas is made
up of 63 % hydrogen and 37% helium (by mole fraction) and
obey the ideal gas law, with an adiabatic index 5/3. Radiation
is not included in our simulations. The temperature of the gas
is 100 K and the density profile is a combination of the den-
sity structures of SN ejecta and CSM. In Figure 1 the density
of the ejecta, at day 1 after the explosion, are shown for both
SN 1993J (left panel) and SN 2011dh (right panel). The radius
of the ejecta at this epoch is Rint ≡ 2.24×1014 cm (3.15×1014
cm) for SN 1993J (SN 2011dh). We assume that our SNe start
to interact with the ambient media one day after the stars go
off. Therefore, in our simulation the input density consists the
density profile of ejecta (ρej) up to a radius Rint, and beyond
this the density profile is given by the CSM (ρcsm) such that
at day 1, just prior to the interaction, ρej(Rint) = ρcsm(Rint).
For SN 1993J (SN 2011dh) the density structures of CSM is
given by eq. 14 (winds, see §7.1.1 for details). The STELLA
outputs, i.e., the ejecta structures, are fitted with analytic func-
tions to make the initial conditions smooth. These analytic fits
to the ejecta structures are shown in dashed lines in Figure 1.
The simulations are performed in one dimension consid-
ering spherical geometry. The computational domain for
10 also see the FLASH manual at
http://flash.uchicago.edu/site/flashcode/user_support/flash4_ug_4p4.pdf
SN 1993J and SN 2011dh are 0 cm < r < 3×1018 cm and 0 cm
< r < 1×1018 cm, respectively, where r represents radius. We
use a uniform grid with each cell has a width of 2.13×1012 cm
(6.51 × 1011 cm) for SN 1993J (SN 2011dh). The interaction
of the supersonic SN ejecta with the almost stationary CSM
launches two shocks; one moves forward into the CSM, hence
called the forward shock, and the other recedes into the ejecta
in mass coordinate, and is known as the reverse shock. We
run our FLASH simulations until 8000 days (3000 days) after
the explosion of SN 1993J (SN 2011dh). The FLASH output
of the density profile of the entire simulation including both
of the expanding unshocked SN ejecta and CSM is shown in
Figure 2 at 2000 days past explosion of SN 1993J, and a zoom
in on the morphology of the density, velocity, temperature and
pressure across the shocked region is shown in Figure 3. To
highlight the evolution, the density and temperature profiles
of the shocked gas at 1000, 2000, 4000 and 8000 days after
explosion of SN 1993J are displayed in Figure 4. Solid lines
are for the density. In computing the evolution of the shocks
no radiative cooling was included in the hydro code. Cool-
ing is chiefly important at early epochs when the density of
the shocked gas is higher, and inverse Compton scattering in
the region close to the forward shock plays a role. There-
fore, these processes will mainly affect the evolution at early
epochs (Fransson et al. 1996). At late time, radiative cooling
will only have an insignificant effect, as discussed in §7.2. Of
potentially greater importance is that we have assumed full
equipartition between electrons and ions. In reality, the elec-
tron temperature may be lower than the ion temepratures of
the shocked gas. We discuss this further in §7.2.
4. RADIO AND X-RAY DATA
In this paper, for SN 1993J, we have modeled the post 1000
days radio data published inWeiler et al. (2007) (for details see
the references therein), Dwarkadas et al. (2014), as well as that
presented in Das et al. (in preparation), while for the X-ray
modeling we used data from Chandra et al. (2009). Further-
more, for completeness we include the X-day data presented
in Dwarkadas et al. (2014). As we are interested in modeling
the late time emissions from both SNe, for SN 2011dh, we
compare our model’s prediction with the X-ray observation
carried out ∼ 500 days after the explosion (Maeda et al. 2014).
For radio we reanalyzed the publicly available data taken with
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Fig. 2.— Density profile of the expanding SN ejecta with the shocked gas
and unshocked CSM post 2000 days since the explosion of SN 1993J. Note
the steep slope in the unshocked CSM beyond 2 × 1017 cm, which then rolls
off to an r−2 wind at r ≥ 2 × 1018 cm.
Karl G. Jansky Very Large Array (VLA11), from the surround-
ings of SN 2011dh, taken on 1 Aug 2012, 31 Jan 2014 and 18
Oct 2014. Along with these data published in Soderberg et
al. (2012), Krauss et al. (2012) and de Witt et al. (2016) are
considered to model the radio emission. The distances to SN
1993J and SN 2011dh considered in our study are 3.63 Mpc
(Freedman et al. 1994) and 8.4 Mpc (Feldmeier et al. 1997),
respectively.
The observations presented here were obtained as part of
the VLA programs 12A-286, 13A-370, and 14A-479. We
processed and imaged the data using the Common Astronomy
Software Application (CASA) software package (McMullin
et al. 2007), The source 3C286 was used in all three observ-
ing runs for bandpass and absolute flux density calibration
purposes, for all frequencies and epochs. For phase cali-
bration purposes, the sources J1335+4542, J1327+4326, and
J1349+5341 were used for the 1 Aug 2002, 31 Jan 2014, and
18 Oct 2014 observations. Our results are summarized in Ta-
ble 1, and in Figure 5. We note that our 8.4 GHz data point
for our 31 Jan 2014 (PI: Arcavi) epoch indicates a flux den-
sity about three times smaller than the flux density published
by de Witt et al. (2016). Since this large difference in flux
density has a correspondingly large impact in the radio light
curve and its physical interpretation, we carefully re-analyzed
all three data sets, in particular the data for 31 Jan 2014, as
there were many sources in the field surrounding the SN. Af-
ter this procedure, we confirmed that the source position for
the VLA source that we identify with SN 2011dh in both 31
January and 18 October 2014, agrees within about 1 milliarc-
second with the VLBI position of SN 2011dh published by
Martí-Vidal et al. (2011b) and with the position published by
deWitt et al. (2016). We note that there is a source northwards
of the actual SN 2011dh, which has a flux density of about
600 µJy/beam, i.e., about ten times larger than SN 2011dh.
We also notice that the observations of 18 October 2014 (PI:
Arcavi) were phase-centered to a position significantly off the
SN discovery position. Therefore, we suspect that de Witt et
al. (2016) might have been confused by that source northern
of the SN, which is about ten times brighter than the actual
11 The VLA is operated by the National Radio Astronomy Observatory,
a facility of the National Science Foundation operated under cooperative
agreement by Associated Universities, Inc.
radio luminosity of SN 2011dh for this epoch.
The broad-band VLA data displayed in Figure 5 shows
three different epochs, and an inverted spectral behavior at
frequencies ≥5.0 GHz both in January and October 2014.
5. RADIO EMISSION
Radio emission originates from the shocked gas enclosed
between the reverse and the forward shocks. The forward
shock interacts with the immediate surrounding medium and
accelerates the charged particles in the ambient medium in
relativistic energies. These shocks are also ideal places where
effective magnetic field amplification takes place (Bykov et
al. 2013; Caprioli & Spitkovsky 2014a,b; Kundu et al. 2017).
The shock accelerated charged particles in the presence of
the magnetic field emit part of their energy as synchrotron
radiation in the radio wavelengths. According to diffusive
acceleration theory the energy distribution of the accelerated
particles follow a power-law profile, i.e, dN/dE = N0E−p ,
where N0 and E are the normalization constant and energy
of particles, respectively. p represents the power law index.
It is very likely that in the acceleration process the seed par-
ticles acquire a certain percentage of the post shock energy.
As electrons over ions are expected to be the main source
of radio emission in SNe, we assume that in the post-shock
region all electrons are accelerated, and that a constant frac-
tion of post shock energy, e, gets channeled into them. Here
e = ue/uth , where ue represents the energy density of elec-
trons. uth = 9/8ρcsm(r)v2s is the post shock thermal energy
density with vs being the shock speed. As for electrons, we
presume that the fraction of post-shock kinetic energy that is
converted into magnetic field is B = uB/uth , where uB is
the energy density of the magnetic field. In modeling the ra-
dio emission it is surmised that the emission is coming from
a spherical homogeneous shell. Therefore, considering syn-
chrotron self-absorption (SSA) and external free-free absorp-
tion as the dominating absorption mechanisms, the optically
thin luminosity of this radiation, due to relativistic shock ac-
celerated electrons with a power-law index of p, from a shell
having an outer radius and thickness of rs and∆r , respectively,
can be written as
Lν,thin =
8pi2kBTbrightϑνr2s
c2 f
(
νpeak
νabs
) ν(p+3)/2abs,0 ν−(p−1)/2exp[−τff(rs)],
(1)
with
νabs,0 =
(
2∆r <(p) N0 B(p+2)/2
)2/(p+4)
, (2)
and
f (x) = x1/2
[
1 − exp
(
−x−(p+4)/2
)]
, (3)
where Tbright is the brightness temperature. ϑν = LνLν,0 with
Lν,0 = 4pi2r2s Iν(0). Iν(0) is the intensity of radiation along
the line of sight for which the path length of the radiation is
equal to the thickness of the shock. νpeak is the peak frequency
of radiation. τff is the free-free optical depth. B represents
magnetic field strength and <(p) is the SSA coefficient. kB
and c represent the Boltzmann constant and speed of light in
vacuum, respectively.
For SN 1993J, we have assumed a CSM out to 2 × 1017 cm
which is characterized by a mass loss rate of ÛM , of 4 × 10−5
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Fig. 3.— Morphology of density (upper left panel), velocity (upper right panel), temperature (lower left panel) and pressure (lower right panel) across the
shocked region at 2000 days post the explosion of SN 1993J.
TABLE 1
Karl G. Jansky Very Large Array Radio Observations of SN
2011dh
Epoch Day since explosion Frequency Flux Density
yyyy-mmm-dd days [GHz] [µJy]
2012-Aug-01 428 8.4 880±60
8.55 778±24
9.56 663±23
13.50 507±17
14.50 466±17
2014-Jan-31 976 4.74 132±6
5.26 115±8
6.84 83±9
7.36 108±3
8.4 180±20
2014-Oct-18 1236 4.42 61±6
4.67 53±5
4.93 46±9
5.18 42±14
7.02 53±8
7.72 72±5
8.4 95±20
18.49 65±25
19.51 30±21
20.49 35±11
21.51 30±18
22.49 44±17
23.51 97±38
24.49 39±24
25.51 36±26
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Fig. 4.— Density (solid lines) and temperature (dotted lines) profiles across
the shocked region at 1000, 2000, 4000 and 8000 days past the explosion of
SN 1993J. Note the inflated region of shocked CSM at the latest epoch, and
the increasing shock temperature with time of the forward shock.
Fig. 5.— Broad-band VLA radio spectra of SN 2011dh between 2012 and
2014.
M yr−1 and a wind velocity vw = 10 km s−1. For such a high
mass-loss rate, radio emission from this SN could suffer from
external free-free absorption. We assume that the ambient
media of both SNe, SN 1993J and SN 2011dh, are made up
of hydrogen and helium, with solar abundances, and that it
is completely ionized due to strong UV radiation from shock
break out and X-ray emission from forward and reverse shocks
(Fransson et al. 1996). If the number density of hydrogen
and helium in the surrounding medium are nH(r) and nHe(r),
respectively, the absorption coefficient due to free-free is given
by
αff(r) = 0.018 T−3/2csm
n2e(r)
1 + 2y
ν−2
[
g¯Hff (Tcsm, ν)
+ 4y g¯Heff (Tcsm, ν)
]
cm−1,
(4)
where Tcsm is the temperature of the CSM. Here ne(r) rep-
resents the number density of the electron in the ambient
medium and y = nHe(r)/nH(r). g¯Hff (Tcsm, ν) and g¯Heff (Tcsm, ν)
are the velocity average Gaunt factors for hydrogen and he-
lium, respectively. In case of SN 1993J the temperature
of the CSM is ∼ 105 K (Björnsson & Lundqvist 2014).
For radiation in GHz frequency and Tcsm < 3 × 105z2,
g¯ff(Tcsm, ν) =
√
3
pi
(
17.7 + log
(T 1.5csm
zν
) )
, where z is the atomic
number of a given element, while for Tcsm > 3 × 105z2 the
Gaunt factor is given as g¯ff(Tcsm, ν) =
√
3
pi log
(
2.2kTcsm
hν
)
(Tucker
1975). In case of a a wind medium, which extends up to a
radius r  rs , τff is written as
τff(rs) = 13rsαff(rs). (5)
However, if the density of ambient medium starts to decrease,
or increase, beyond a given radius Rchng, the free-free optical
depth becomes
τff(rs) = 13rsαff(rs)
(
1 − f 3Rchng (1 − f 2rate)
)
, (6)
where fRchng = rs/Rchng and frate =
ÛM1/v1wÛM/vw .
ÛM1/v1w is the ratio
between the mass-loss rate and wind velocity which charac-
terise the medium at r ≥ Rchng.
6. X-RAY EMISSION
We modeled the X-ray emission at late epochs, when the
shocked ejecta behind the reverse shock mainly contributes to
this emission. The emission processes which we considered
for our study are free-free, free-bound, two-photon and line
emissions. In a medium where the external radiation is neg-
ligible the ionization structure of the shocked ejecta can be
calculated by balancing collisional ionization with direct and
dielectronic recombination. For an element z, if Xm represents
the ionization fraction of ionization stage m, then the rate of
change of Xm can be written as
dXm
dt
= Ne [−(βm+Cm)Xm + βm+1Xm+1 + Cm−1Xm−1], (7)
(Nymark et al. 2006) where Ne is the number density of free
electrons. βm represents the recombination coefficient from
the ionization state m to m − 1 and Cm is the ionization rate
from ionization state m to m + 1. We assumed steady state
condition, i.e., dXmdt = 0, and solved the equation for each
ionization stage of a given z, also including an additional
process, namely charge transfer. The elements included in our
computer code to calculate the emission are H, He, C, N, O,
Ne, Na, Mg, Al, Si, S, Ar, Ca, Fe and Ni.
In hot ejecta free electrons can excite atoms/ions to higher
energy states, which can subsequently decay by the emission
of photons. Collisional de-excitation is also important when
the density of free electron is high enough. In this kind of
medium, for an ionization state Xm of a given element, which
is in an excitation level i, under equilibrium we write∑
j,i
N(zm)jNeqji +
∑
j>i
N(zm)jAji =
∑
j,i
N(zm)iNeqi j
+
∑
j<i
N(zm)iAi j,
(8)
with ∑
j
N(zm)j = N(zm), (9)
and
qi j =
∫ ∞
0
V σi j f (V) dV. (10)
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Here N(zm) represents the density of ionization stage m of an
element z. Ai j and σi j are the transition probability and colli-
sional cross section for the i to j transition, respectively. f (V)
represents the thermal distribution of speed of free electrons
with V being the speed of electrons.
Recombination results in continuum free-bound emission,
followed by a cascade of lines (Osterbrock 1989). For thermal
electrons, the free-bound emission coefficient can be written
as (Osterbrock 1989)
j f bν =
1
4pi
N(zm) Ne
∞∑
n=n1
n−1∑
L=0
V σnL f (V) h ν dVdν . (11)
Here σnL and L represent the recombination cross section
and orbital angular momentum, respectively. h is the Planck
constant.
Another continuum emission process is free-free emission,
or bremsstrahlung. For isotropic thermal electrons, that can
scatter on an element z in an ionization state Xm, the emis-
sion coefficient for free-free radiation is given as (Rybicki &
Lightman 1979; Osterbrock 1989)
j f fν =
1
4pi
25pie6
3mec3
(
2pi
3kBme
)1/2
T−1/2 z2 N(zm) Ne
× exp(−hν/kBT) g¯ff(T, ν),
(12)
where T andme represent the temperature and rest mass of the
electrons, respectively. e is the electric charge.
Continuum emission is also produced by two-photon decay,
since electrons populated in the 22S level can decay to 12S
by the emission of two photons. The emission coefficient
corresponding to this radiation is
j2γν =
1
4pi
N22S A22S,12S2 h yP(y), (13)
(Osterbrock 1989) where in each decay, P(y) is the normal-
ized probability for one photon to emit in the energy range
yν12 and (y + dy)ν12. hν12 is the energy difference between
the two levels 12S and 22S. A22S,12S and N22S represent the
transition probability and density of electron in the 22S state,
respectively.
To calculate the X-ray emission, we have post-processed the
output data from the adiabatic hydrodynamic models. The
total emissivity due the above-mentioned processes are calcu-
lated using a plasma code which is described in some detail
in Sorokina et al. (2004), and was also used in Mattila et
al. (2008). It is assumed in our model that the plasma is in
collisional equilibrium for a given electron temperature.
7. RESULTS
Both SN 1993J and SN 2011dh have been followed exten-
sively in radio and X-ray wavelengths (van Dyk et al. 1994;
Pooley & Green 1993; Marcaide et al. 1995a,b, 1997; Bartel
et al. 2000; Pérez-Torres et al. 2001; Bartel et al. 2002; Pérez-
Torres et al. 2002; Chandra et al. 2004; Weiler et al. 2007;
Marcaide et al. 2009; Martí-Vidal et al. 2011a,b; Kohmura
et al. 1994; Immler et al. 2001; Uno et al. 2002; Swartz et
al. 2003; Zimmermann & Aschenbach 2003; Chandra et al.
2005, 2009; Soderberg et al. 2012; Krauss et al. 2012; de Witt
et al. 2016; Bietenholz et al. 2012; Campana & Immler 2012;
Maeda et al. 2014) . Here we have modelled the radio and
X-ray emission at late stages, post 1000 days for the former,
and beyond ∼ 100 days for the latter, to gain information about
the evolution of the progenitor before explosion, as well as the
structure of the SN ejecta.
7.1. Radio
7.1.1. SN 1993J
The radio light curves for SN 1993J at various frequencies
are shown in Figure 6. The observed light curves show a
sudden drop in flux beyond ∼ 3000 days. To replicate the
sudden downturn in flux, it has been argued that this indicates
a rapid decrease in the density of the surrounding medium at
the position of the forward shock at ∼ 3000 days. It is also
possible that this downturn is related to fact that the reverse
shock ∼ 3000 days post outburst starts to invade into the flat
inner ejecta. This will affect the evolution of the shocked gas
encapsulated between the reverse and forward shock. For theÛM/vw we have assumed, and the explosion model used, we do
not find that around 3000 days the reverse shock encounters
any drastic change in the density profile of the unshocked
ejecta gas.
From our analysis it is found that the wind medium is ex-
tended up to a radius, Rchng, of 2 × 1017 cm. Beyond this the
density starts to drop rapidly. To reproduce the observed radio
light curves beyond 1000 days the density of the CSM in our
model follows
ρcsm(r) = ρ1csm(r)
(
0.05 +
0.95
1 +
(
r
4×1017cm
)4 ) gcm−3 , (14)
where ρ1csm(r) = ÛM/4pir2vw with ÛM = 4× 10−5 M and vw =
10 km s−1. The mass-loss rate and wind velocity considered
in our model for t < 3000 days are similar to that required
by Fransson et al. (1996, 1998) to model the radio and X-ray
emissions at early epochs.
In Figure 2 the rapid drop in CSM density is visible at
r > 2 × 1017cm. Note that here we assume that the sudden
drop in density continues up to a radius, Rout, 2 × 1018 cm,
beyond which the CSM again attains a wind profile, charac-
terized by a mass-loss rate of ÛM/20 and vw = 10 km s−1.
The radio light curves computed from our model using an am-
bient medium given by eqn.14 are shown in dashed lines in
Figure 6. As shown in the figure, our calculated radio fluxes
at different frequencies can reproduce the observed downturn
with reasonable accuracy. It should be noted that in our model
we did not include any local density fluctuations in the CSM.
These variations could be the reason of the local fluctuations
seen in the data.
Very Long Baseline Interferometry (VLBI) images of
SN1993J show that the radio emission comes from a nearly
spherical shell (Marcaide et al. 1995a,b, 1997; Bartel et al.
2000; Marcaide et al. 2009; Martí-Vidal et al. 2011b), whose
shell width is estimated to be ∼31% of the external radius
(Marcaide et al. 2009; Martí-Vidal et al. 2011b). Therefore,
in our calculation we assumed that for both SN 1993J and
SN 2011dh the radiation comes from such a spherical shell.
The evolution of this shell is calculated by performing hy-
drodynamical simulations, as described in § 3. At any given
epoch the shell variables, e.g., the forward shock radius, ve-
locity, density etc can be obtained from the simulations (see
Figs.3 and 4). The shock variables required for our calcula-
tions are radii of forward shock (rs) and contact discontinuity
(rc), density of the shocked CSM (ρsh,csm) and velocity of the
forward shock (vs). In upper left panel of Figure 3 the density
spike on the left and the sharp discontinuity on the right side
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Fig. 6.— Modeled radio light curves of SN 1993J post 1000 days. The
data are from Weiler et al. (2007), Dwarkadas et al. (2014) and Das et al. (in
preparation). The observed light curves showa sudden downturn in luminosity
beyond ∼ 3000 days. From our analysis it is found that this drop is related to
a rapid decrease in CSM density beyond a radius 2× 1017 cm. The density of
the ambient medium in our model is given by eqn.14. It is found that up to ∼
3000 days the radio fluxes are consistent with a wind medium characterized
by a ÛM of 4 × 10−5 M yr−1 and wind velocity of vw = 10 km s−1.
represent the position of rc and rs , respectively. We assume in
our model (see Kundu et al. (2017) for details) that the radio
emission is coming from the region between rc and rs . There-
fore, for us ∆r = rs − rc . As displayed in Figs.3 and 4 there
are variations in ρsh,csm and vs across ∆r . Thus to get average
values of these variables we determine them at r = rc +∆r/2.
As can be seen in Figure 4, the density of the shocked CSM,
except for close to rc , is fairly constant with radius for the first
few thousand days. Choosing parameters half-way through
the shock is therefore not an important source of error. How-
ever, at 8000 days, there is a huge variation in density within
the shocked CSM, so the error due to selecting representative
parameters at this epoch is larger.
From spectral analysis, Weiler et al. (2007) found that both
early and late epoch radio data are consistent with a spectral
index of -0.8. Therefore, the power-law index, p, of the elec-
trons responsible for this emission is 2.6. We did our modeling
considering this value for p and Tbright = 3.6 × 1010 K. As
the radio source is expected to be homogeneous at late epochs
the assumption of a constant value for Tbright is reasonable.
For other three parameters we assume Tcsm = 6 × 105 K and
e = B = 0.03.
7.1.2. SN 2011dh
The light curves of SN 2011dh are shown in Figure 7. The
left panel shows the evolution of luminosity in the range 300
MHz to 4.9 GHz, while the right plot displays that between 6.7
and 36 GHz. It is found from our analysis that for this SN until
∼ 1300 days, up to the time archival data is available, since
explosion the emission is consistent with a wind medium with
a ÛM/vw = 4 × 10−6 M yr−1/10 km s−1. It is noted that our
model predicts the low energy light curves (left panel of Fig.7)
with good accuracy, whereas in case of fluxes that are acquired
at high frequencies (see the right panel of Fig.7) the estimates
are not that precise, especially at early epochs. The reason
behind this discrepancy is that at high frequencies the emission
becomes optically thin within a few days after the outbursts.
At very early epoch, ∼ 20 days, inverse Compton (IC) loss
plays a major role which steepen the electron spectrum and
hence the radio flux decreases. In our radio calculation we
have not considered the loss due to IC. Therefore, for high
frequencies we have over-predicted the fluxes at early epochs.
Furthermore, radiative cooling is not included in our hydro
simulation. This is important at early time as described in §3,
especially for SN 1993J.
For SN 2011dh we assumed p = 2.95 (Soderberg et al.
2012; Krauss et al. 2012), e = 0.03 and B = 0.04. At early
times, if the radio emission does not come from a homoge-
neous spherical shell, the brightness temperature can not be
represented by a fix temperature. It is found from our fitting
that for SN 2011dh Tbright = 3.9 × 109 (t/1 day)0.32 K for
t ≤ 1500 days. Beyond 1500 days the source will have a
brightness temperature of 4 × 1010 K. It is noted that for this
SN we do not need to take into account free-free absorption
while calculating the radio fluxes, as the density of the CSM
is low. The shock front radii and velocities predicted by our
model at around 80 and 180 days after the explosion are found
to be in good agreement with that estimated using the VLBI
observations carried out at similar epochs (Bietenholz et al.
2012).
7.2. X-rays
7.2.1. SN 1993J
For SN 1993J, X-ray data until 5408 days are compiled in
Chandra et al. (2009). Additional data up to day ∼ 7650
are plotted in Dwarkadas et al. (2014). All data are shown
in Figure 8 together with our model results using the ejecta
model described in § 2, and a wind density characterized
by 4 × 10−5(vw/10 km s−1) M yr−1, i.e., ten times higher
circumstellar density than for our SN 2011dh simulations.
Beyond a radius of ∼ 2×1017 cm, we assume a steeper density
profile in the circumstellar medium than ρw ∝ r−2. A steeper
density profile was also discussed by Chandra et al. (2009)
who argue for ρw ∝ r−2.6 for the last epochs discussed in their
paper.
Since we do not include radiative cooling in the hydrody-
namic simulations, we have concentrated on epochs later than
1000 days (see also below). We show two cases, where the
black line depicts the emission from the plasma shocked by
the reverse shock and the red one exhibits the effect of clump-
ing. For clumping we assume that all the gas shocked by the
reverse shock is compressed further by a factor of three (and
has a factor of three lower filling factor). It is considered
in our model that the gas is in pressure equilibrium so that
the temperature of the compressed plasma is a factor of three
lower than for the original model. As can be seen in Figure 8,
our model simulates the emission fine for the light curve of
soft X-ray emission up to ∼ 7000 days, without invoking any
type of clumping of the shocked ejecta (solid black line). In-
cluding an extra compression by a factor of 3 increases the
soft X-ray emission significantly. Although clumping is, from
many perspectives, much more complicated than just applying
a compression factor, this gives a hint on how the emission
can be affected by clumping (also see Figure 10 which demon-
strates the impact of clumping on the X-ray spectrum). For
the hard X-ray emission, the difference between the two mod-
els (i.e., no extra compression, and an extra factor-of-three
compression) is small. Variations in the soft X-ray light curve
between 1000 − 3000 days could therefore be due to mod-
est density inhomogeneities at the reverse shock, rather than
invoking variations of the circumstellar density with radius,
as was suggested by Chandra et al. (2009). A circumstellar
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Fig. 7.— Radio light curves of SN 2011dh in the range 300 MHz to 4.9 GHz (left panel) and between 6.7 and 36 GHz (right panel) for a wind-like ambient
medium characterized by ÛM = 4 × 10−6 M yr−1 and vw = 10 km s−1. The data are from Soderberg et al. (2012), Krauss et al. (2012), de Witt et al. (2016)
and this work. At high frequencies (right panel) our model has over-predicted the emission at early epochs. The reason for this overestimate is that we did not
consider inverse Compton cooling in our model, as we are interested in studying the emission at late epoch. See text for details.
density drop coinciding in radius with rs ∼ 2 × 1017 cm may
be needed, but the shallower ejecta profile encountered by the
reverse shock also plays a role.
If tcool and tdyn represent the cooling and dynamic time
scales, respectively, then our assumption of an adiabatic re-
verse shock for SN 1993J is justified by tcool/tdyn > 1 of newly
shocked ejecta at all our epochs (t > 1000 days), even if an
extra compression factor of 3 is added. The same is actually
true for the full shock structure all the way out to the contact
discontinuity if we do not add any extra compression. For the
extra compression of 3, tcool/tdyn < 1 for the shocked ejecta
closest to the contact discontinuity for all epochs considered
(i.e., up to 8000 days). Since Figure 8 indicates that no signif-
icant clumping is needed, we believe that an adiabatic shock
structure is adequate. While the soft X-ray luminosity agrees
reasonably with observations out to ∼ 7000 days, the emission
from hard X-rays is overproduced in our model. This is most
likely not an effect of clumping, but could be due to unequal
electron and ion temperatures (Te and Ti, respectively). For
example, at 5000 days, our simulations give a reverse shock
temperature which is in the range (0.7 − 6.1) × 107 K. Lim-
iting Te so that it instead is in the range (0.7 − 1.5) × 107 K,
decreases the hard X-ray flux by a factor of ∼ 1.7, while the
soft X-ray flux is increased by ∼ 3%. This is shown with black
crosses in Figure 8, and argues for Te/Ti ∼ 0.25 at the reverse
shock, which is in line with the assumption of Te/Ti ∼ 0.15
by Chandra et al. (2009) to produce hard X-ray emission at
adequate levels. For SN 1993J at 5000 days, in our model,
the reverse shock is driven into helium-dominated ejecta, and
the equipartition time scale due to Coulomb collisions is
teq ∼ 3.4 × 103 (Te/107K)3/2 (nHe/103 cm−3)−1 days (Spitzer
1962). In our model, the helium density is ∼ 4.1 × 103 cm−3
(1.2 × 103 cm−3) at 5000 (8000) days, so that teq < tdyn. This
is shown in Figure 9. While Coulomb collisions are not able
to fully equilibrate ion and electron temperatures at the shock
front, a ratio of Te/Ti = 0.15 seems to be on the low side, un-
less the ejecta density is lower than in our model. This could
be the case if the slope of the ejecta profile is flatter than in
our model at these epochs. The positions of the reverse shock
in our ejecta model at 1000, 2000, 3000, 5000, 7000 and 8000
days are shown with dotted lines in the left panel of Figure 1.
Fig. 8.— Modeled X-ray light curves for SN 1993J. Data in blue are from
Chandra et al. (2009), and in magenta from Dwarkadas et al. (2014). Solid
black line for the 0.3–2.4 keV emission from the reverse shock, and solid red
line is for the same energy range, but assuming a factor of 3 extra compression
of the shocked ejecta. Dashed black and red lines are the corresponding light
curves for the 2–8 keV range. Note the relative insensitivity in emission
due to this clumping effect for the 2–8 keV range. The two black crosses
at 5000 days mark the effect of unequal temperatures of ions and electrons.
These crosses relate to the black lines, but for the crosses we have put a cap
on the electron temperature corresponding to 25% of the shock temperature.
Whereas the model can adequately fit the light curves up to ∼ 7000 days, the
apparent faster downturn thereafter is not modeled well. A likely explanation
is a flatter ejecta structure encountered by the reverse shock than in the model
simulations (see text).
7.2.2. SN 2011dh
For SN 2011dh we show in Figure 10 our modeled X-ray
emission at 500 days for a wind characterised by a mass loss
rate of 4 × 10−6(vw/10 km s−1) M yr−1. As for SN 1993J,
we consider two cases, where the spectrum in red exhibits the
emission from the shocked ejecta without assuming a com-
pression factor. The spectrum is featureless and dominated by
free-free emission, as expected given the high temperature of
the shocked ejecta, ∼ 3.5× 108 K. The black spectrum in Fig-
ure 10 shows the effect of clumping. This figure demonstrates
that clumping influences the spectrum at energies below ∼ 2
keV. That is why, in case of SN 1993J, we see small differences
in hard X-ray luminosity (2-8 keV) calculated without consid-
ering any compression and invoking a clumping of a factor of
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Fig. 9.— Temperatures for a fully ionized H-He plasma, simulating the
shocked ejecta of SN 1993J at 5000 days (solid lines) and 8000 days (dotted
lines). Blue is for helium, red is for protons and black is for electrons. Only
Coulomb collisions are considered, except for electrons which are assumed
to attain 10% of the average shock temperature immediately behind the shock
front. Density and abundances are assumed to be constant with time since
the gas was shocked. At these epochs, the He/H-ratio (by number) in our
simulation of SN 1993J is ∼ 38 and ∼ 94, respectively. Note the long time
for temperature equilibration of electrons and ions.
3 (black and red dashed lines in fig. 8).
Clumping decreases the cooling time, tcool, of the shocked
gas, making it more likely to become shorter than the dy-
namical time scale, tdyn. Looking more into detail of the
two compression factors (i.e., 1 and 3) in the models in Fig-
ure 10, tcool of the just shocked ejecta is ∼ 9.9 × 105 days
and ∼ 1.9 × 105 days, respectively. Since tdyn is 500 days,
this means that shocks driven into the ejecta are not radiative,
which justifies our model assumption of an adiabatic shock.
This does not necessarilymean that radiative cooling could not
affect the shock structure. Close to the contact discontinuity,
the cooling times are ∼ 1.5 × 103 days and ∼ 1.3 × 102 days,
respectively, which means that for the factor-of-3-compressed
model, radiative cooling close to the contact discontinuity,
where the temperature gets below ∼ 107 K, could marginally
affect the modeled spectrum.
For the two clump compression factors, 1 and 3, the post-
processed spectral synthesis using our adiabatic models gives
luminosities from the reverse shock that are∼ 6.3×1037 erg s−1
and ∼ 2.1 × 1038 erg s−1, respectively. This is much less than
for a fully radiative reverse shock, Lrev = 2pir2ejρejv
3
rev, which
for our SN 2011dh model at 500 days is ∼ 1.0 × 1040 erg s−1.
Here rej and ρej represent the radius and density of the outer
most unshocked ejecta, respectively. vrev is the reverse shock
velocity. This estimate indeed shows that radiative cooling is
not important for the reverse shock of SN 2011dh at 500 days.
In the range 0.3 − 8.0 keV the luminosities are ∼ 4.1 × 1037
erg s−1 and ∼ 1.5 × 1038 erg s−1 for the compression factors
1 and 3, respectively. The observed luminosity in the range
0.3− 8.0 keV is ∼ 6× 1037 erg s−1 (Maeda et al. 2014), which
indicates that only modest clumping of the gas being shocked
is needed for our model with 4×10−6(vw/10 km s−1)M yr−1
to reproduce the observed emission. The analysis by Maeda
et al. (2014) suggested a wind density roughly half that in
our analysis. The difference stems from an assumed high
power-law index, n = 20, for the density of the supernova
ejecta, ρej ∝ r−n, in Maeda et al. (2014). In the self-similar
Fig. 10.— Modeled X-ray emission from SN 2011dh at 500 days after
explosion. Spectrum in red is from the reverse shock using parameters from
our hydro models. The spectrum in black is for an assumed extra compression
of the shocked ejecta by a factor of three, considering pressure equilibrium.
This gives an indication of the effect of clumping in the shocked ejecta. Note
that the spectra above ∼ 2 keV are very similar.
solution (Chevalier 1982), ρej/ρcsm is a strong function of n.
In our model, n ≈ 7 around 500 days, but the structure of the
shocked ejecta has a memory of a much steeper profile of the
outermost ejecta being shocked at earlier times (cf. right panel
of Figure 1). The position of the reverse shock in our ejecta
model at 500 days, along with that at epochs 200 and 1200, is
shown with dotted line in the right panel of Figure 1.
8. DISCUSSION: BINARY EVOLUTION OF
PROGENITORS
The progenitors of SNe 1993J and 2011dh were very likely
the part of a binary system. Although the binary companion of
SN 1993J has not yet been discovered exclusively, the studies
carried out during the last 25 years (Cohen et al. 1995; Nomoto
et al. 1993; Podsiadlowski et al. 1993; Aldering et al. 1994;
Maund et al. 2004; Maund & Smartt 2009; Fox et al. 2014)
are pointing toward the presence of a massive hot companion
star in the vicinity of the SN. The proposed model for the SN
1993J progenitor system consists of two stars of comparable
masses, ∼ 15 M each (Nomoto et al. 1993; Podsiadlowski et
al. 1993; Maund et al. 2004), and in which the progenitor star
loses mass to the binary companion though the stable case C
mass transfer (Podsiadlowski et al. 1992). After the exhaustion
of the core helium, when the progenitor is on the asymptotic
giant branch, the primary fills its Roche lobe and starts to
transfer mass to the companion. The secondary accretes most
of the transferred material and the remaining fraction gets
lost in the surrounding medium. The mass transfer ceases
when the primary has transferred nearly all of its hydrogen
envelope. At this point the hydrogen mass in the envelope
of the primary becomes less than a certain level and the star
starts to shrink. As a consequence, it is now not possible for
the primary to fill its Roche lobe. The primary then slowly
loses the residual hydrogen envelope through stellar winds.
For a ∼ 0.5M residual envelope mass, and a mass-loss rate
of 4 × 10−5 M yr−1, it will take around 12 × 103 years to
completely strip the envelope. This time is enough for the
evolved star to go off as SN.
From our radio and X-ray studies we have indications that
around 6500 years before the explosion of SN 1993J, the den-
sity of the surrounding medium starts to increase rapidly to-
Evolution of the progenitors of SNe 1993J and 2011dh revealed through late time radio and X-ray studies 11
wards the time leading up to the explosion. This implies that
before ∼ 104 years prior the explosion, the mass loss mecha-
nism was most likely different from that due to the wind from
the primary star. It is possible that before this time the primary
mainly loses mass to the secondary companion through Roche
lobe overflow, and because of the high accretion efficiency of
the companion, a very small percentage of the accreted mate-
rial was managed to escape from the system. For a star of main
sequence mass of ∼ 15 M the central carbon burning phase
starts around ∼ 104 years prior the explosion. Therefore, it
is possible that the primary ceases the mass transfer through
Roche lobe overflow from the time the carbon at the core starts
to fuse. However, according to theWoosley et al. (1994) at the
time of the explosion, the primary was big enough so that it
was able to transfer mass to the secondary star through Roche
lobe overflow. If this is the case, then it suggests that at the
onset of the core carbon burning phase due to some reason
the accretion efficiency of the companion star decreases. As
a consequence, more mass gets lost in to the circumbinary
medium and a comparatively dense ambient medium forms.
It is, however, difficult to explain what exactly causes the ac-
cretion efficiency to change so abruptly around t ∼ 104 years
prior to the explosion.
There exists another possibility. Maund et al. (2004) found
that the binary companion of SN 1993J was very likely to be
a B2 Ia star. For this kind of star the mass loss rate is in
the range (0.25 - 1) ×10−6 M yr−1 for a wind velocity of
∼ 600 km s−1 (Kudritzki et al. 1999; Crowther et al. 2006).
In our model we assumed that the density of the surrounding
medium for t << 104 years (i.e. r > 2 × 1018 cm (≡ Rout))
can be characterized by ÛM = 1.2 × 10−5 M yr−1 for a wind
velocity of 600 km s−1 (i.e., ÛM = 2 × 10−7 M yr−1 for vw =
10 km/sec), which is around 25 times higher than that expect
from a B2 Ia star. However, the derived ÛM and vw for these
stars are not independent of theoretical assumptions. It is
found from our study that around 25 years after the explosion
the radius of the SN is ∼ 9.4 × 1017 cm. To probe a region
beyond Rout the SN will take another ∼ 25 years. It is therefore
possible that the density around Rout is lower thanwhatwe have
presumed in our model, and it has been due to the winds from
the companion star. Thus the CSM before the carbon burning
phase of the primary could have been created by the winds
from the companion star, and that from carbon burning until
the explosion had been due to the mass loss through Roche
lobe which gave rise to a comparatively dense surroundings.
In case of SN 2011dh, a yellow supergiant star was observed
at the SN location in the pre-explosion HST archival imaging
(Van Dyk et al. 2011). However, it was initially thought that
the yellow supergiant was not the star that exploded rather a
neighbouring or companion of the progenitor (Van Dyk et al.
2011; Arcavi et al. 2011b; Soderberg et al. 2012). Later, Van
Dyk et al. (2013) conducted a search for the companion star
of SN 2011dh ∼ 650 days after the explosion using the HST
WFC3, and found that the yellow supergiant had disappeared
from the SN location. This implied that it was the supergiant
that exploded and resulted in a type IIb SN. From optical and
near infrared photometry and spectroscopy of the SN, at early
and late epochs, and modeling of the lightcurves Ergon et al.
(2014, 2015) suggested that SN 2011dh was part of a binary
system. It is interesting that analysing HST data Maund et al.
(2015); Folatelli et al. (2014) have detected a point like object,
at all wavelengths, at the location of the SN.
From our study we found that the radio and the X-ray emis-
sion from SN 2011dh is consistent with a wind medium (see
Fig. 7) characterised by a mass-loss rate of 4 × 10−6 M yr−1
for a wind velocity of 10 km s−1. This value of ÛM/vw is al-
most 10 times higher than that predicted by Soderberg et al.
(2012); Krauss et al. (2012) by analyzing the early radio and
X-ray light curves. However, to explain the thermal X-ray
emission at around ∼ 500 days post explosion (Maeda et al.
2014) was required to adopt a high density medium with a
ÛM ∼ 3 × 10−6 M yr−1(vw/20 km s−1)−1 around the progen-
itor. As mentioned in §7.2.2 this estimate depends on the
density slope of the ejecta model used, and we argued that our
results, and those of Maeda et al. (2014) are consistent. A
likely reason for the difference between us and Soderberg et
al. (2012); Krauss et al. (2012) is the high values of B and e
used in the studies of those authors.
A star usually spends around ∼ 3000 years in the yellow
supergiant phase (Drout et al. 2009) before exploding, and the
mass-loss rate at this phase is highly unconstrained. Georgy
(2011) carried out calculations of a single ∼ 14 M rotating
stellar model and assumed a 3-10 times higher mass loss from
the stars at the red supergiant (RSG) phase. It was demon-
strated in this study that with a higher value of ÛM the stars end
their nuclear life at a position in the Hertzsprung-Russell di-
agram which is roughly consistent with the observed position
of several yellow supergiant progenitors. Therefore, it may
be that SN 2011dh was an explosion of a yellow supergiant
which was not a part of a binary system and had undergone
mass loss through wind at a high rate during its red supergiant
phase so that it had lost almost the entire hydrogen envelope
before explosion. It is at present not ruled out that a YSG in
solitude could be responsible for SN 2011dh. However, it is
difficult from our analysis to distinguish between the single
and binary progenitor scenario. With more observations in
the near future, one may be able to disentangle this issue.
For the radio emission of both SNe 1993J and 2011dh, VLBI
radio imaging can give clues to the details of the circumstel-
lar interaction. The details are best explored for SN 1993J,
and radio images up to ∼ 10 years show that both the inner
and outer edges of the radio shell expand roughly as ∝ tm,
with m ' 0.85 − 0.87 (Marcaide et al. 2009; Martí-Vidal et
al. 2011b). We find m ∼ 0.85 for this period, in agreement
with the estimates by Marcaide et al. (2009) and Martí-Vidal
et al. (2011b), while for epochs after ∼ 2500 days, the re-
verse shock sligthly lags behind this expansion and the forward
shock speeds up. The former is due to the ejecta density slope
being shallower at the position of the reverse shock, and the
latter is because of the sharp density decrease in the CSM. At
∼ 5000 days, the reverse shock encounters ejecta with n ∼ 2.5.
We will explore this and its ramifications for radio and X-ray
emission in greater detail in future analyses. A discussion
on how the radio emission may depend on the effects of a
weakening reverse shock is discussed by Björnsson (2015).
9. CONCLUSIONS
We have performed hydrodynamical simulations of the in-
teraction between SN ejecta and the CSM. The SNe we have
modeled are SNe 1993J and 2011dh. For our study we have
taken the ejecta structures of these two SNe from numerical
simulations (STELLA). The main aim of our study is to try to
trace the mass loss history of the progenitors, and hence gain
information about the evolution of the progenitor systems.
SN shocks are often bright in radio and X-ray wavelengths.
While the radio emission has been assumed to mainly origi-
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nate at the region close to the forward shock, the X-rays at late
epochs predominantly come from the shocked ejecta behind
the reverse shock. There is, however, considerable uncertainty
regarding the exact location of the radio emission, and VLBI
imaging of SN 1993J actually shows a rather even distribution
of radio emission for the full region between the two shocks.
We have adopted this approach, i.e., we assume homogeneous
radio emission from the shocked CSM. For the X-rays, we
assume that the sole produced is the reverse shock. Although
radio and X-ray emission emanate from different parts of the
shocked gas, the flux of both depends on the density and the
structure of the surrounding medium, as well as the slope of
the density profile of the SN ejecta. How dense the surround-
ing medium is depends on the amount of mass ejected by the
progenitor system during its evolution. Therefore, with accu-
rate information about the evolution of SN shocks, a reliable
ejecta model, and proper modeling of radio and X-ray emis-
sions one can map the mass-loss rates from the progenitor
system at different phases of its evolution.
The late time radio and X-ray curves of SN 1993J have
shown a sudden downturn in radio and X-ray fluxes beyond ∼
3000 days after the explosion of the SN. Also the inner edge of
the radio shell starts to lag compared to the ∝ t0.85 evolution
at earlier epochs. Evaluating the SN evolution through hydro
simulation, and studying late time radio and X-ray emissions
from SN 1993J, we found that to account for the observed
drops, the density of the CSM needs to decrease rapidly at r >
2×1017 cm. For smaller radii the wind density is characterized
by ÛM = 4 × 10−5 M yr−1 for vw = 10 km s−1. This implies
that if the primary transfers mass to the companion, through
Roche lobe overflow from the end of the core helium burning
stage until the explosion, then ∼ 6500 (vw/10 km s−1)−1 years
before the explosion the accretion efficiency of the secondary
decreases. Therefore, more mass gets ejected in the ambient
mediumwhichmakes it denser. For a primary, with a∼ 15M
main sequence mass, it is expected that around 104 yrs prior
to the explosion the star was burning the carbon present at its
core. However, to figure out the reason behind this decrease in
accretion efficiency of the companion star is beyond the scope
of this paper.
An important future investigation is also to test the scenario
discussed by Björnsson (2015). He suggests that the seem-
ingly achromatic break in radio and X-ray light curves around
∼ 3000 days could be due to the reverse shock entering a flat
part of the ejecta density profile. When this happens, the re-
verse shock would weaken, or perhaps even disappear. This
should reduce the X-ray emission and cause a decline in the
radio emission. In our model, the density profile of the ejecta
just about to be shocked around 3000 days is n = 3.1. In the
scenario envisioned by Björnsson, the density profile is even
shallower. This would produce weaker X-ray emission than in
our model, and could be a reason why our X-ray light curves
in Figure 8 overshoot at t > 5000 days.
In case of SN 2011dh both radio and X-ray emissions are
consistent with a wind-like ambient medium. From HST
WFC3 imaging around 650 days after the explosion, Van Dyk
et al. (2013) confirm that the YSG discovered in the pre-
explosion archival HST image was the progenitor of the SN.
With the SN ejecta structure from STELLA we found that to
account for both the radio and the X-ray fluxes at late time
we require ÛM = 4 × 10−6 M yr−1 for vw = 10 km s−1. It
is, however, difficult from our study to conclude whether the
YSG had evolved in solitude, or was a part of a binary system.
Nevertheless, in future, if we observe a drop in radio and X-ray
emission from SN 2011dh, similar to that has been observed
from SN 1993J, then that would suggest a scenario where the
progenitors of both SNe 1993J and 2011dh had undergone
similar kind of binary evolution before explosion.
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